The main purpose of the present study was to test the hypothesis that the aging process is associated with a pro-oxidizing shift in the cellular redox state. The amounts of the redox-sensitive free aminothiols (glutathione, cysteine, Cys-Gly and methionine) and protein mixed disulphides were measured at different ages and ambient temperatures in Drosophila melanogaster. GSH/GSSG ratios decreased significantly with increasing age of the flies, due to an increase in GSSG content. Concentrations of Cys-Gly increased and methionine decreased with age. The amounts of protein mixed disulphides, measured as protein-cysteinyl, proteinCys-Gly and protein-glutathionyl mixed disulphides, increased as a function of age. The pattern of changes in free aminothiol content, glutathione-redox state and protein mixed disulphides varied in proportion to the ambient temperature, which is inversely related to the life expectancy of the flies. Collectively, these results support the idea that the pro-oxidizing shift in the glutathioneredox state, the decrease in methionine content and increase in abundance of protein mixed disulphides are associated with the life expectancy of flies, and are indicative of enhanced oxidative stress during aging.
INTRODUCTION
A common feature of the life cycle of virtually all multicellular organisms is that there is a progressive and irreversible loss of efficiency of various physiological functions during the postreproductive phase of life, whereby the ability of the organism to maintain homoeostasis is attenuated, ultimately ending in death. Although many hypotheses have been advanced, the nature of the mechanisms inducing deleterious age-related changes is not well understood. One hypothesis postulates that the progressive accumulation of macromolecular oxidative damage, inflicted by endogenously generated ROS (reactive oxygen species), is a major causal factor underlying senescence [1] [2] [3] . Indeed, steady-state amounts of the products of ROS attacks on macromolecules can be detected under physiological conditions even in young and healthy animals, which has been interpreted to suggest that cells exist in a state of chronic imbalance between pro-oxidants and antioxidants, also referred to as 'oxidative stress' [4] . Furthermore, an ageassociated increase in the amounts of oxidatively damaged macromolecules has been observed in tissues from a variety of animal species [2, 5, 6] . Whether this increase reflects a steady accumulation of damage under a constant level of oxidative stress or whether the imbalance between pro-oxidant production and antioxidant defences worsens with age remains unclear.
Another major issue that remains unresolved is whether the primary mode of action by which ROS putatively induce ageassociated changes is via the infliction of molecular damage or whether ROS play an additional role in the regulation of cellular functions. For instance, an upsurge in ROS production can also cause shifts in the redox state of cells, which is determined by the amounts and ratios of the interconvertible forms of redox couples, such as GSH and GSSG, cysteine, thioredoxin, NAD(P)H and NAD(P) + [7] . Glutathione is 2-3 orders of magnitude more abundant than any of the other redox-active compounds, and it is Abbreviations used: ECD, electrochemical detection; MPA, metaphosphoric acid; PrS-SC, PrS-SCG, PrS-SG, protein-cysteinyl, protein-Cys-Gly, proteinglutathionyl mixed disulphides respectively; ROS, reactive oxygen species. 1 To whom correspondence should be addressed (email sohal@usc.edu).
therefore widely considered to be the major determinant and indicator of the overall redox state [8] [9] [10] [11] [12] . However, the concentration of GSH is dependent on several factors, including the availability of precursors and rates of synthesis and oxidation (Scheme 1). The concentration of free methionine may also affect the redox state of glutathione, since (i) it may undergo direct oxidation to methionine sulphoxide [13] and (ii) it is also a precursor in the biosynthesis of cysteine, which is believed to govern the rate of glutathione biosynthesis [14] . Oxidation of GSH, cysteine and methionine is among the earliest cellular responses to an increase in ROS production, leading to alterations in the redox potential [7] . An additional consequence of the increase in ROS generation is the reversible oxidation of protein cysteinyl thiols, leading to the formation of PrS-SG (protein-glutathionyl mixed disulphides) with GSH and its metabolites PrS-SC (protein-cysteinyl) and PrS-SCG (proteinCys-Gly). Thiolation can potentially serve as a regulatable mechanism for the activation or inactivation of proteins involved in a wide variety of functions, such as signal transduction, gene activation and enzyme activities [12, 15] . A pro-oxidizing shift in glutathione redox state and increased glutathiolation of proteins have been shown recently to occur in tissues of the C57BL6 mouse [16] . Whether similar changes occur in phylogenetically divergent species, and whether they are correlated with the life expectancy of the animals, remains to be established.
Drosophila melanogaster is an ideal model organism in which we can address questions concerning the relationship between oxidative stress and aging. Tissues of the adult fly are composed of post-mitotic cells; therefore, senescent changes are not diluted by successive cell divisions. Being a poikilotherm, its metabolic rate and life expectancy can be altered simply by varying the ambient temperature [17, 18] .
In the above context, the main purpose of the present investigation was to determine whether the level of oxidative stress,
Scheme 1 Schematic representation of aminothiol synthesis and metabolism
GSH is synthesized from cysteine, glutamate and glycine by the sequential action of GCL (glutamate-cysteine ligase) and GS (glutathione synthase). Intercellular transport of GSH involves its breakdown by the action of γ -glutamyl transpeptidase and dipeptidase, forming CysGly and cysteine respectively. Alternatively, GSH may be oxidized to its disulphide, GSSG, and either GSH or GSSG may interact with protein cysteinyl thiols, forming PrS-SG. Analogously, cysteine may be oxidized to cystine. Cysteine and Cys-Gly may also interact with proteins to form PrS-SC and PrS-SCG. Methionine is the precursor for cysteine synthesis, in which homocysteine and cystathionine are intermediates. Homocysteine is the substrate for the regeneration of methionine by methionine synthase. Methionine and homocysteine may also be oxidized to methionine sulphoxide and homocystine respectively as a result of ROS attacks. SAM (S-adenosylmethionine) and SAH (S-adenosylhomocysteine), which are intermediates in the conversion of methionine into homocysteine, also serve as methyl group donors in anabolic DNA methylation. The metabolites that were measured in the present study are indicated in bold letters.
reflected by the amounts of GSH and GSSG, GSH/GSSG ratio, amounts of cysteine, Cys-Gly, methionine and protein mixed disulphide content, increases during aging. An additional objective was to determine whether life expectancy is related to the severity of the shift in the glutathione redox state.
MATERIALS AND METHODS

Reagents
Cysteine, Cys-Gly, GSH, methionine and GSSG were purchased from Sigma Chemical Co. (St Louis, MO, U.S.A.); acetonitrile, MPA (metaphosphoric acid) and 1-octanesulphonic acid were from EM Science (Gibbstown, NJ, U.S.A.). All other chemicals were of HPLC grade or of the highest purity available.
Animals
The y w strain of D. melanogaster was used in these experiments. Male flies were collected in groups of 25 under mild CO 2 anaesthesia, approx. 1 day post-eclosion, and subsequently maintained at 25
• C on a cornmeal-sucrose-yeast medium, as described in [19] .
Sample preparation
Flies were immobilized on ice for 1-2 min, weighed and homogenized in 10 vol. of freshly prepared ice-cold 5 % (w/v) MPA, using 1.5 ml plastic tubes and pestles, obtained from RPI (Mt. Prospect, IL, U.S.A.). The homogenates were incubated for 30 min on ice and centrifuged at 18 000 g for 20 min at 4
• C. The supernatants were filtered using 0.45 µm PTFE Acrodisc ® CR 4 mm syringe filters obtained from Gelman Laboratory (Ann Arbor, MI, U.S.A.); filtrates were transferred to sampling vials and were either analysed immediately or stored at − 80
• C for up to 1 month.
To determine the amounts of protein mixed disulphides, pellets from the acid precipitation were washed three times in 5 % MPA to remove the free (non-protein bound) aminothiols. Proteinbound cysteine, Cys-Gly and GSH were subsequently released by incubation of protein pellets in 100 mM phosphate buffer for 1.5 h at 37
• C [20] . It is well known that degradation and oxidation of glutathione can occur during the preparation and storage of tissue samples [9, 16, [21] [22] [23] . Therefore, to validate the methodology used in this study, preliminary experiments were conducted to define the optimal conditions for sample preparation. The technical problems associated with sample preparation from the fruit fly were found to be substantially different from those described previously for whole blood and mammalian tissues [16, 22] . Results of these experiments indicated that, in contrast with acidified mammalian tissue homogenates, the oxidation of GSH to GSSG was virtually undetectable during the first several hours of incubation of acidified insect samples on ice (< 0.001 %). Recovery studies involving different concentrations of MPA (2.5, 5, 10, 20 and 30 %) indicated that > 10 % MPA was detrimental to the recovery due to acid hydrolysis of GSH to its constituent amino acids (as the concentrations of cysteine increased and GSH decreased as a function of acid concentration). Concentrations of MPA < 5 % were found to be insufficient for the purpose of protein precipitation, but, in contrast with findings in whole blood samples [22] , 5 % MPA did result in adequate protein precipitation. The purity and source of MPA were found to be of crucial importance for this purpose, as well as for maximal recovery and stability of aminothiols [16] . Specifically, MPA prepared from clear crystals obtained from EM Science gave more satisfactory results than the powdered substance from Sigma. Thus an MPA concentration of 5 %, prepared from clear crystals, was found to be optimal for the recovery and quantification of aminothiols. Finally, the presence of a metal chelator (0.5 mM EDTA) in the insect samples was found to have no beneficial effect in terms of prevention of the potential metal-catalysed oxidation of GSH to GSSG; rather, it interfered with cysteine peak separation from the solvent front. Therefore the use of EDTA for sample preparation was avoided. Storage of acidified insect samples at − 80
• C for up to 6 months had no effect on the concentrations of aminothiol compounds.
HPLC-coulometric ECD (electrochemical detection)
Aminothiol compounds (cysteine, Cys-Gly, GSH, methionine and GSSG) were separated by HPLC, fitted with a Shimadzu Class VP solvent delivery system, using a reversed-phase C18 Luna (II) column (3 µm; 4.6 mm × 150 mm), obtained from Phenomenex (Torrance, CA, U.S.A.). The mobile phase for isocratic elution consisted of 25 mM monobasic sodium phosphate, 0.5 mM of the ion-pairing agent 1-octanesulphonic acid, 1 % (v/v) acetonitrile (pH 2.7), adjusted with 85 % phosphoric acid. The flow rate was 0.7 ml/min. Under these conditions, the separation was completed in 35 min; GSSG was the last eluted peak, with a retention time of approx. 30 min [16] . Calibration standards of aminothiols were prepared in 5 % MPA. Aminothiols were detected with a model 5600 CoulArray ® electrochemical detector (ESA, Chelmsford, MA, U.S.A.), equipped with a four-channel analytical cell, using potentials of + 400, + 600, + 750 and + 875 mV. Cysteine, GSH and Cys-Gly were detected at + 600 mV, whereas methionine and GSSG were detected at + 750 mV. Each sample was injected twice and the average of the peak areas was used for quantification.
Statistical analysis
Significances of most of the age-and temperature-dependent trends were determined by linear regression using SYSTAT 10 software (SYSTAT Software, Richmond, CA, U.S.A.). The exceptions were the age-dependent changes in (i) GSH/GSSG ratio and free methionine content, for which non-linear regression was performed (using an exponential model); and (ii) GSSG content, which was assessed by one-factor analysis of variance, using post hoc Tukey tests for comparison of individual age groups.
RESULTS
Life span of flies and cross-sectional sampling of populations
A typical survivorship curve of the y w strain used in this investigation is presented in Figure 1 . The mean life span of the flies was 67 days. Biochemical analyses were conducted starting at 10 days of age to avoid complications associated with growth and maturation, which occur during the week following metamorphosis [24] . Cross-sectional sampling was restricted to the period before the onset of rapid mortality, since subsequently survivors have been shown to represent progressively smaller subsets of the population that are undergoing relatively slower rates of aging [25] .
Age-related changes in the abundance of free aminothiols and glutathione-redox state
Concentrations of aminothiols were determined in whole-body homogenates of flies at 10, 20, 30, 40, 50 and 60 days of age
Figure 2 Age-related changes in GSH, GSSG, GSH/GSSG ratio, cysteine, Cys-Gly and methionine
The contents of GSH, GSSG, cysteine and Cys-Gly increased significantly as a function of age (P < 0.0005 for all comparisons), whereas the GSH/GSSG ratio and methionine content de- ( Figure 2 ). The concentrations of free aminothiols in homogenates of 10-day-old flies ranged from 2.5-3.5 pmol/mg of body weight for Cys-Gly and GSSG to 1500 pmol/mg for GSH. The concentrations of cysteine and methionine were approx. 50 pmol/mg.
The amount of GSH increased slightly but significantly as a function of age (< 20 %), but there was a proportionally greater age-related increase in the concentrations of the GSH precursors, cysteine and Cys-Gly (by 65 and 135 % respectively). The GSSG content also increased, 4-fold, with most of the increase occurring between the ages of 20 and 40 days. Correspondingly, there was an exponential decrease in the GSH/GSSG ratio, amounting to 77 % over the 10-60 days age range. A similar exponential pattern of decrease, by 53 %, was observed for the free methionine content.
Age-related changes in the amounts of thiolated proteins
Protein mixed disulphide content was measured as cysteinyl-, cysteinylglycinyl-and glutathionyl-protein disulphides. At 10 days of age, the total content of these disulphides consisted of 60 % PrS-SC, 32% PrS-SG and 8 % PrS-SCG; thus, a far greater proportion of cysteine and Cys-Gly when compared with that of glutathione was protein-bound. Between 10 and 60 days of age, the amounts of these compounds increased by 20, 100 and 250 % respectively (P < 0.0005 for all compounds). The combined amounts of these protein mixed disulphides increased linearly as a function of age, nearly doubling between the ages of 10 and 60 days (Figure 3) .
Effects of ambient temperature on aminothiol content, glutathione-redox state and protein thiolation
The life span of Drosophila is inversely related to the ambient temperature and directly related to the rate of oxygen consumption within the physiological range [18] . The hypothesis tested was that changes in aminothiol content, glutathione redox state and protein thiolation would correspond to differences in life expectancy induced by alterations in ambient temperature. Measurements were made in flies housed at 18, 22, 25 and 30
• C (Figure 4 ). The amounts of GSH and cysteine varied only slightly at different temperatures, whereas the amounts of Cys-Gly and GSSG increased and both the GSH/GSSG ratio and the free methionine content decreased progressively with increasing ambient temperature. The contents of all three forms of thiolated proteins increased in a fairly linear pattern with an increase in temperature ( Figure 5 ). Thus, warmer environments, in which the flies have higher rates of oxygen consumption and shorter life spans, were associated with a more pro-oxidizing glutathione redox state and significantly increased protein thiolation. Additionally, the contents of both free and protein-bound aminothiol compounds reflected the remaining life expectancy of the flies, corresponding to their chronological age or ambient temperature.
DISCUSSION
Results from the present study indicate that the ratio of GSH/ GSSG and methionine content decreased and protein mixed disulphide content increased during aging in D. melanogaster. These changes were accelerated or decelerated in response to alterations in the ambient temperature, which is inversely related to the life expectancy of flies.
As discussed extensively in a recent publication [16] , the quantification of aminothiols in biological samples can present several Flies were maintained at 25 • C for the first 14 days after eclosion and then placed at 18, 22, 25 or 30 • C for the following 21 days. There was no significant difference in GSH and only a small decrease in cysteine content (P < 0.02), but concentrations of Cys-Gly and GSSG increased (P < 0.0005), whereas methionine content and GSH/GSSG ratios decreased (P < 0.0005) as the temperature was increased. Results are means + − S.D. for four independent preparations of 25-50 flies at each age and are expressed as pmol/mg of body weight. specific technical problems associated with sample origin, preparation and handling, as well as the analytical methodology employed for quantification [9, 16] . Methods for the quantification of GSH and GSSG in biological samples can be divided into three categories: enzymic, fluorimetric and liquid chromatographic. In general, enzymic and fluorimetric methods have been found to be insensitive, time consuming and inaccurate [9, 21, 23] . Among the HPLC-based methods for the determination of GSH and GSSG, UV-absorbance and fluorimetric detection are complicated and unreliable because of the requirements of extensive sample manipulation (thiol blocking, acidification, neutralization and derivatization) combined with low sensitivity. In contrast, HPLC-ECD shortens the time required for sample handling, improves the sensitivity of detection and permits simultaneous detection of several aminothiol compounds in one chromatographic separation. As indicated in the Materials and methods section, the procedure used in the present study also resulted in maximal recovery of aminothiol compounds and minimal GSH degradation or oxidation to GSSG. The fact that the ratios of GSH/GSSG reported in the present study are among the highest published values [9, 23] suggests that the methodology used in this study did not lead to an artifactual oxidation of GSH to GSSG.
The age-related increase in GSSG content, observed in this study, was not accompanied by any change in GSH levels, which is consistent with earlier results obtained in various organs of the mouse [16] and in other strains of Drosophila [26] . Some earlier reports have claimed that there is a generalized decrease in GSH content during aging [27] . However, as discussed previously [16] , the procedures for glutathione quantification employed in the earlier studies lacked the accuracy and sensitivity of the ionpairing HPLC-ECD methodology used in the present study.
The present finding that the amounts of cysteine and Cys-Gly, required for GSH synthesis [14] , increased with age suggests that the tissues require an increased supply of precursors for GSH biosynthesis in older flies. The observed increase in GSSG content and decrease in the GSH/GSSG ratio is also indicative of an increase in oxidative stress, reflecting a widening gap between prooxidant production and antioxidant defences. The age-related decrease in methionine content provides further evidence for an increase in the level of oxidative stress, since it suggests either an increase in the direct oxidation of methionine to methionine sulphoxide by ROS, and/or possibly an increase in methionine consumption for cysteine biosynthesis. All these changes may be underlain by increasing rates of mitochondrial H 2 O 2 generation in aging Drosophila, which have been documented previously [28, 29] .
The pro-oxidizing shift in glutathione-redox state and increase in protein mixed disulphides has various functional implications, especially in the context of the aging process. For instance, it is consistent with the observation that the age-related accumulation of certain types of oxidatively damaged macromolecules is exponential rather than linear [5, [30] [31] [32] . Additionally, proteins falling within diverse functional categories have been demonstrated to undergo oxidant-mediated regulation by glutathionylation of functionally sensitive cysteine residues [11, 15, 23, [33] [34] [35] [36] . For instance, numerous components of signal transduction pathways have been shown to undergo glutathionylation, including guanyl cyclase, protein tyrosine phosphatase-1B, 5 -lipoxygenase, HRas, SoxR, OxyR and several protein kinase C isoenzymes (reviewed in [12, 15, 37, 38] ). DNA binding of several transcription factors, such as activator protein (1), nuclear factor κB, p53 and Sp-1, is dependent on the redox state of their cysteinyl residues [39] [40] [41] . Activities of metabolic enzymes, including carbonic anhydrase III [42] , tyrosine hydroxylase [43] , glucose-6-phosphate dehydrogenase [44] and creatine kinase [45] , among others, also appear to be subject to regulation by glutathionylation. Protein glutathionylation may even have a direct effect on oxidant production and antioxidant defences, because purified Cu-Zn superoxide dismutase, glutaredoxin and thioredoxin are all susceptible to glutathionylation [46] . Furthermore, there is a reversible increase in the production of O 2
•− by mitochondrial NADHubiquinone oxidoreductase in response to thiolation/dethiolation [47] . However, in counterpoint, it has been suggested that the reaction rates of protein disulphides with GSH may be slow, relative to the rates that would be expected if glutathiolation indeed plays a regulatory role in protein function [48] , and a number of examples cited here are based on in vitro rather than in vivo thiolation.
A key question about the significance of any age-related biochemical alteration is whether or not it plays a role in determining the rate of aging or life expectancy of the organism. It can be reasoned that an alteration associated with the life expectancy of the animals is more probably involved in physiological aging than one that correlates only with the chronological age. The life spans of poikilothermic species are inversely related to their metabolic rates, which in turn are directly related to the ambient temperature [17, 49] . In the present study, the amounts of GSSG and thiolated proteins were found to be higher in flies kept at warmer temperatures for 3 weeks, beginning 2 weeks after eclosion, than in those kept at cooler temperatures. The GSH/GSSG ratio was also lower in flies kept at relatively warmer temperatures. These responses to changes in ambient temperature are consistent with the idea that the redox state and protein thiolation are associated with the life expectancy of the flies, or the physiological age, and thus might be involved in determining the rate of aging.
In conclusion, the results of the present study suggest that the cellular redox state becomes more pro-oxidizing during aging and is associated with the life expectancy of Drosophila. The results also suggest that the observed changes in glutathione redox state, aminothiol content and protein thiolation may serve as biomarkers of aging in animals.
